Bacteria expand their genetic diversity, spread antibiotic resistance genes, and obtain virulence factors through the highly coordinated process of conjugative plasmid transfer (CPT). A plasmidencoded relaxase enzyme initiates and terminates CPT by nicking and religating the transferred plasmid in a sequence-specific manner. We solved the 2.3 Å crystal structure of the relaxase responsible for the spread of the resistance plasmid pCU1 and determined its DNA binding and nicking capabilities. The overall fold of the pCU1 relaxase is similar to that of the F plasmid and plasmid R388 relaxases. However, in the pCU1 structure, the conserved tyrosine residues (Y18,19,26,27) that are required for DNA nicking and religation were displaced up to 14 Å out of the relaxase active site, revealing a high degree of mobility in this region of the enzyme. In spite of this flexibility, the tyrosines still cleaved the nic site of the plasmid's origin of transfer, and did so in a sequence-specific, metaldependent manner. Unexpectedly, the pCU1 relaxase lacked the sequence-specific DNA binding previously reported for the homologous F and R388 relaxase enzymes, despite its high sequence and structural similarity with both proteins. In summary, our work outlines novel structural and functional aspects of the relaxasemediated conjugative transfer of plasmid pCU1.
INTRODUCTION
Antibiotics have effectively treated a broad range of bacterial infections for years. However, with the emergence of antibiotic resistance, the treatment of these same bacterial infections is becoming increasingly difficult (1) (http://www.cdc.gov/hicpac/mdro/mdro_toc.html). Currently, 70% of all hospital acquired infections are resistant to at least one antibiotic, and antibiotic resistance to at least one drug has been reported for every major strain of pathogenic bacteria (2) . As a result, the Centers for Disease Control has declared antibiotic resistance a primary threat to human health, and multiple efforts have been made to understand and inhibit the mechanisms responsible for its spread (2) (3) (4) (5) (6) (7) (8) .
Conjugative plasmid transfer (CPT) is a primary method by which bacteria acquire antibiotic resistance genes. During CPT, one bacterium (the donor) transfers genetic material, in the form of a conjugative DNA plasmid, to a neighboring cell (the recipient) via physical cell-cell contact. Each conjugative plasmid encodes the majority of proteins found within the relaxosome, a multi-protein complex necessary to promote plasmid transfer in a sequence-specific manner. The relaxosome works in concert with a type IV secretion system (T4SS), and these two complexes are linked by a type IV coupling protein (T4CP), believed to form the pore through which the T (transferred) strand of the plasmid travels into the recipient bacterium (9) (10) (11) (12) (13) .
One component of the relaxosome, the relaxase, is responsible for the initiation and termination of T-strand transfer (14, 15) . A generalized mechanism describing the role of the relaxase was first determined through the study of the F (fertility) plasmid system (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) , and further details were contributed by the study of other conjugative systems, including plasmids R388 (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) , RP4 (38) (39) (40) , R1162 (41) (42) (43) (44) (45) (46) and R100 (47, 48) . To initiate transfer, the relaxase binds the origin of transfer (oriT) of the plasmid's T-strand and cleaves the strand at the nic site. After the T-strand has been unwound from the parent strand, the relaxase terminates transfer by religating the nicked strand (14) .
The structures of the F TraI relaxase, the R388 TrwC relaxase and the R1162 MobA relaxase have been reported previously (3, 23, 24, 33, 34, 44) . In addition, the F TraI and R388 TrwC relaxase structures have been resolved in complex with their respective DNA substrates, revealing that the relaxase binds the T-strand oriT as a partial DNA hairpin (33, 34) . The 3 0 end of the oriT extends beyond the hairpin as a single strand and forms a U-turn around the protein N-terminus, before entering the active site of the enzyme (24, 33, 34) . The active site is located on two strands of a central beta sheet and contains three histidines coordinating a metal cation, the identity of which has been debated (3, 24, 34, 46) . The scissile phosphate of the DNA substrate's nic site is positioned above the chelated metal. As a result, the metal cation withdraws electron density from the phosphate center to promote nucleophilic attack on the scissile phosphate by one of the enzyme's conserved tyrosine residues (3, 24, 34) . All three relaxase enzymes bind and cleave their specific DNA substrate with high affinity and sequencespecificity (22, 33, 41) .
We have examined the atomic structure and the DNA binding and nicking activities of the relaxase enzyme responsible for the transfer of the resistance plasmid pCU1, originally isolated from Salmonella typhimurium (49) (50) (51) (52) . pCU1 is a derivative of resistance plasmid R46 and confers on its host resistance to the antibiotics ampicillin, streptomycin and spectinomycin (52, 53) . The relaxase activity encoded by pCU1 is located within the N-terminal 299 residues of a multifunctional TraI enzyme, and productive, plasmid-specific transfer is dependent upon TraI (51, 52) . Our analysis of the pCU1 TraI relaxase has identified structural and functional characteristics unique to the pCU1 relaxase. These results advance our understanding of both the general mechanism of relaxase-mediated DNA binding and cleavage, as well as the unique nature of each CPT system.
MATERIALS AND METHODS

Relaxase constructs
The relaxase of plasmid pCU1 is located within the pCU1-encoded protein TraI (51, 52) . To determine the extent of the relaxase domain within pCU1 TraI, we aligned the pCU1 TraI amino acid sequence (GenBank: AAD27542) with those of R388 TrwC (GenBank: CAA44853) and F TraI (GenBank: BAA97974). Additional details describing how the alignments were performed can be found in the Supplementary Data. Residues 1 to $300 of pCU1 TraI corresponded to the relaxase domains of F TraI and R388 TrwC. Secondary-structure predictors (Jpred3, version 2.2, http://www.compbio.dundee.ac.uk/www-jpred/) identified loop regions near residue 300, and the pCU1 TraI relaxase construct extending from residue 1 to 299 was chosen as the final construct. Primers were designed to isolate residues 1-299 of pCU1 TraI using the Vector NTI Express 10.0.1 suite of programs (Invitrogen, 2005) and were then commercially synthesized [Integrated DNA Technologies (IDT), 2009]. All cloning and mutagenesis was verified by sequencing at the UNC-CH Genome Analysis Facility. Residues 1-299 of pCU1 TraI were cloned into the vector pTYB2 (IMPACT system, New England Biolabs), between NdeI and SmaI restriction sites in order to C-terminally fuse the relaxase to an intein and a chitin binding domain (CBD) affinity tag and thus generate the construct WT_299. Several additional relaxase constructs containing tyrosine to phenylalanine mutations were generated by Quick Change site directed mutagenesis (Stratagene) of WT_299. Using ligation independent cloning (LIC), residues 1-299 of the relaxase domain were inserted into vector pMCSG9 (54) to create the mutant construct Nterm_299. In vector pMCSG9, the relaxase was N-terminally fused to a maltose binding protein (MBP) affinity tag and a 6-His (MBP-HIS) affinity tag with a TEV protease cleavage site located between the protein sequence and affinity tags (54) . During purification, these affinity tags were removed by the tobacco etch virus (TEV) protease, leaving three non-native residues (Ser-Asn-Ala) at the N-terminus of Nterm_299.
Protein expression and purification
All proteins were over-expressed in BL21 Escherichia coli, and the cells were harvested by centrifugation and resuspended in buffer C (WT_299) (500 mM NaCl, 20 mM Tris-HCl pH 7.5, 10% glycerol, 0-5 mM EDTA, 0.01% azide) or buffer A (Nterm_299) [500 mM NaCl, 20 mM Na 2 H(PO 4 ) pH 8.0, 10% glycerol, 5 mM imidazole, 0-1 mM EDTA, 0.01% azide]. Resuspended cells were stored at À80 C. Additional details can be found in the Supplementary Data.
Prior to protein purification, cells were thawed in the presence of lysozyme and a cocktail of protease inhibitors, lysed on ice using a Sonic Dismembrator, Model 500 (Fisher Scientific), and centrifuged to isolate the soluble fraction. WT_299 was purified on Chitin Resin (NEB) using a batch bind method followed by an extended wash step, as described by the manufacturer. Cleavage of the intein and CBD tags, and subsequent release of WT_299 from the chitin resin, was induced by incubating the Chitin Resin with 50 mM D,L -dithiothreitol for 16 h. WT_299 was then eluted from the Chitin Resin. Buffer C was used throughout the purification. Nterm_299 was purified over a 5 ml HisTrap HP column (GE Healthcare) on an Aktaxpress FPLC (GE Healthcare). Fusion protein was eluted with a high imidazole buffer B [500 mM NaCl, 20 mM Na 2 H(PO 4 ) pH 8.0, 10% glycerol, 500 mM imidazole, 0-1 mM EDTA, 0.01% azide] after washing the column to baseline with buffer A. The affinity tags were removed by cleavage with 4% (w/w) TEV protease during dialysis overnight into buffer A at 4 C. The protein was then concentrated and further purified over two sequential 5 ml HisTrap HP gravity columns. The cleaved protein that flowed through the final column was collected. All proteins were visualized by SDS-PAGE and found to be >95% pure (Supplementary Figure S1 ).
For crystallization, WT_299 and Nterm_299 were dialyzed into 250 mM ammonium acetate while concentrating to 5-6 mg/ml (Nterm_299) or $14 mg/ml (WT_299), then used immediately for crystallization. For analysis by circular dichroism (CD) spectroscopy, WT_299 and Nterm_299 were dialyzed into buffer CD (100 mM NaF, 20 mM Tris-HCl pH 7.5, 5% glycerol, 0.01% azide) and then used immediately. For DNA binding, nicking and cross-over assays with WT_299, an additional size exclusion chromatography purification step was performed. During this step, WT_299 was loaded onto a HiLoad 16/60 Superdex 200 column (GE Healthcare) pre-equilibrated with buffer S (100 mM NaCl, 20 mM Tris-HCl pH 7.5, 5% glycerol, 0-5 mM EDTA, 0.01% azide) on an Atkaxpress FPLC (GE Healthcare). The protein was eluted from the column in buffer S. When necessary, any EDTA present was removed by dialysis of WT_299 and Nterm_299 into buffer D (100 mM NaCl, 20 mM Tris-HCl pH 7.5, 5% glycerol, 0.01% azide). For inductively coupled plasma mass spectrometry (ICP-MS) analysis, a separate preparation of WT_299 and Nterm_299 was performed in order to prevent contaminating the protein sample with metals from outside sources. All water was obtained from the laboratory Barnstead E-pure water filtration system, at >17 megaohm-cm (ddH 2 O). Following purification by sizeexclusion chromatography, the sample was then dialyzed into buffer ICP (20 mM NaCl, 10 mM Tris-HCl pH 7.5, 0.01% azide).
Protein crystallization
Crystals of WT_299 and Nterm_299 were grown at 20 C by the hanging-drop vapor diffusion method. Equal volumes of purified protein and well solution (250 mM triNa citrate, 22% PEG 3350) were mixed and crystals grew over a course of 4-5 weeks. Crystals were initially small and hexagonal, but following micro-seeding and the addition of 5 mM MgCl 2 to the purified protein sample, larger tetragonal crystals were obtained. The crystals were cryoprotected in 250 mM triNa citrate, 26% PEG 3350 and 10% ethylene glycol and flash frozen in liquid nitrogen for data collection at 100 K.
Data collection, structure determination and refinement
Crystals were initially screened at the UNC Biomolecular X-ray Crystallography Facility with a Rigaku R-Axis IV+ + and CCD, while full data sets were collected at either the Southeast Regional Collaborative Access Team (SER-CAT) Sector 22-ID beam-line at the Advanced Photon Source (APS) at Argonne National Laboratory or the Stanford Synchrotron Radiation Laboratory (SSRL) using remote access of beam-line 9-2 ID. Data from the best diffracting WT_299 crystals were indexed and scaled with X-ray Detector Software ( 
Inductively coupled plasma mass spectrometry (ICP-MS)
WT_299 and Nterm_299 were analyzed by ICP-MS to determine the identity and concentration of metals present in the samples. Data were collected by the UNC-CH Chemistry Department Mass Spectrometry Core Facility on a Varian 820-MS (Palo Alto, CA). Protein was first digested in 70% HNO 3 . Each sample was then diluted in 10 ml of 1.4% HNO 3 . A control consisting of each buffer used during protein purification was analyzed to determine the concentration of metal in the buffers used. Each experimental sample, as well as the buffer control, was monitored for Mg24, Mn55, Ca44, Fe57, Ni60 and Zn66. Data were collected as part per billion (ppb) and converted to mM. The original concentration of each metal in each sample was then determined in Excel 2007 (Microsoft, 2006) . Data were then presented as fold increase in metal concentration over background levels, where background values represented the signal due to 1.4% HNO 3 alone.
DNA binding assays
The affinity of WT_299 and Nterm_299 for a panel of DNA substrates was determined by fluorescence anisotropy-based DNA binding assays. 5 0 fluoresceinlabeled DNA substrates were commercially synthesized and HPLC purified (IDT). Table 1 provides the nucleic acid sequence of each substrate investigated. Each substrate was resuspended in buffer R (50 mM NaCl, 10 mM Tris-HCl pH 7.5, 0.05 mM EDTA), heated to 95 C for 10 min, and then allowed to slow cool to room temperature. Each stock was then diluted to 0.1 mM in ddH 2 O prior to use. Additional details on the assay protocol and data analysis can be found in the Supplementary Data.
DNA nicking and DNA cross-over assays
The DNA nicking and religation activity of WT_299 and Nterm_299 for a panel of DNA substrates was determined by DNA nicking and DNA cross-over assays. 5 0 fluorescein-labeled and unlabeled DNA substrates were commercially synthesized (IDT); 5 0 fluorescein-labeled DNA substrates were HPLC purified. Table 2 provides the nucleic acid sequence of each substrate investigated. Each substrate was resuspended in buffer R, heated to 95 C for 10 min, and then either allowed to cool passively to room temperature or snap cooled on ice. Both preparations yielded similar results. Each stock was then diluted to 10 mM in ddH 2 O prior to use. Additional details on the assay protocol can be found in the Supplementary Data.
To test the metal dependence of the pCU1 relaxase, WT_299 (10 mM) was treated with 10 mM EDTA for 24 h. The protein was then diluted either 2-or 10-fold upon the addition of 1 mM 35/7oriT-hairpin, and 0-15 mM metal was added to each reaction to generate an excess of 0-10 mM metal. Stocks (10Â) of all metals investigated were made by dissolving the corresponding metal salt [MgCl 2 , MnCl 2 , CaCl 2 , NiCl 2 , Cu(SO 4 ), Zn(acetate) 2 and ZnCl 2 ] in 1 M Tris-HCl pH 7.5.
DNA nicking activity and DNA religation activity were reported as percent product generated (the intensity of the product band divided by the sum of product and substrates band intensities).
Each data point represents the average of three or more reactions and error bars represent the standard error of these data points. All data processing was performed in Excel 2007 and plots were generated in SigmaPlot 8.02a (Systat, 2004) or Graphpad PRISM v5.03 (Graphpad, 2010).
RESULTS
Crystal structure of the pCU1 TraI relaxase domain
The 2.3 Å structure of WT_299 was determined by X-ray crystallography. Crystals were grown by hanging-drop vapor diffusion, and the resulting structure was determined to 2.3 Å by molecular replacement using the R388 TrwC relaxase [PDB code 1omh (33) ] as the search model ( Table 3 ). The protein crystallized as a dimer in the asymmetric unit (asu) in the space group P2 1 . The two monomers were determined to have a combined 20 600 Å 2 of solvent accessible surface area of which 1670 Å 2 was buried upon dimerization. While this analysis could suggest a physiologically relevant dimer (55), only 18 potential hydrogens bonds and four potential salt bridges could be formed at the dimer interface, and the structure's complexation significance score (CSS) of 0.000 indicated that the dimer was most likely to be a result of crystal packing (56) . Indeed, the protein was determined to be a monomer by size exclusion chromatography (Supplementary Figure S2) . The electron density of monomer A was consistently higher in quality than that of monomer B. As a result, out of the protein's 299 residues, 223 were confidently modeled into the electron density of monomer A, while only 203 were placed into the electron density of the B monomer ( Table 3) .
The overall fold of the pCU1 TraI relaxase domain ( Figure 1A ) resembles that of a human hand, as seen in previously solved relaxase structures (3, 23, 24, 33, 34, 44) . The palm consists of five central anti-parallel b-strands, and the surrounding a-helices and b-sheets form the fingers, back of the hand and bottom edge of the palm. The N-terminus is located at the beginning of the first b-strand (b1), and the remaining strands that compose the palm are in the order b1-b3-b7-b6-b2, when looking at the 'palm side' of the protein. The C-terminal 44 (monomer A) and 46 (monomer B) residues of WT_299 are disordered, but are predicted to be a-helical (Figure 2 ). Many of these residues have been placed in structures of homologous proteins, but the entire region has only been observed when the relaxase is in complex with its DNA substrate (24, 34) .
The active site of WT_299 is found within the palm of the hand, and consists of three histidines, two on b7 (His160, 162) and one on b6 (His149) ( Figure 1B) . Together, they chelate a divalent metal cation, occupying three of the bound metal's coordination sites. The remaining coordination sites surrounding the divalent cation can be satisfied by a variety of compounds, such as water molecules or components from the cryoprotectant or well solution. In the structure of WT_299, these remaining sites are occupied by the small molecule citrate (monomer A), or a water molecule and ethylene glycol (monomer B). Initially, several divalent metals were sequentially modeled into the active site of WT_299 to fulfill the electron density chelated by the histidines. Mn , Cu 2+ and Zn 2+ all satisfied the electron density as assessed by difference density and R-factors. Mn 2+ was later determined to be the most likely metal in the active site based on a series of experiments described below.
The four tyrosines of WT_299 implicated in DNA nicking (Tyr18, 19, 26, 27) are located on loop A, adjacent to the active site ( Figure 1B) . In monomer B, only the first few residues of the loop were sufficiently ordered to be modeled into the structure. In monomer A, however, the entire loop was observed, and it was located in a unique orientation relative to previous relaxase structures. Tyr18 and Tyr19 were found displaced from the active site, flipped out and pointing away from the bound metal ion ( Figure 1C ). In the F TraI relaxase structure, the equivalent tyrosine residues are oriented towards the active site, with Tyr16 (equivalent to pCU1 relaxase Tyr18) positioned to attack the scissile phosphate of the DNA substrate (3, 23, 24) . The equivalent tyrosines (Tyr18,19) in the R388 TrwC relaxase are also directed towards the active site, with Tyr18 shifted slightly behind the scissile phosphate, relative to Tyr16 of the F Table 2 . DNA nicking and DNA cross-over assay substrates
The nucleic acid sequence, secondary structure and nicking or religation activity of WT_299, as measured by DNA nicking and cross-over assays, for each substrate are provided. Cross-over assay substrates are listed according to the region of the pCU1 oriT which is mutated (see Figure 6 for a definition of these regions). Mutated bases are in red font. Light orange shading emphasizes the key areas of each mutant substrate relative to the wild-type substrate. Inverted repeats that are predicted to form a hairpin are boxed in black. The TAG region of each substrate is boxed in green. The pentanucleotide region of each substrate is boxed in red. The predicted nic site for each substrate is indicated by vertical double black lines, and non-canonical nic sites, as observed in DNA cross-over assays, are indicated by vertical double red lines. To determine the DNA nicking or religation activity of the wild-type pCU1 TraI relaxase, 5 mM enzyme was incubated with 1 mM labeled substrate and, for cross-over assays, 1 mM unlabeled substrate for 1 h at 37 C; products were then separated on denaturing polyacrylamide gels. 'Misnicking' activity is reported for each substrate that generated a product during cross-over assays that was larger or smaller than anticipated, indicating that the initial nicking reaction most likely occurred at a non-canonical nic site. Enzyme activity is represented as percent product generated. Each data point is the average of at least three experiments, and the error is the standard error of these replicates. Additional details can be found in the Materials and Methods section and the Supplementary Data.
TraI (33, 34) . When the structure of WT_299 monomer A was overlaid with the R388 TrwC relaxase [PDB ID 2cdm 
DNA binding by the pCU1 TraI relaxase
The relaxase binds the oriT of its DNA plasmid's T-strand prior to cleaving the T-strand's nic site (22,25,33) . We determined the binding affinity and specificity of the pCU1 TraI relaxase for a panel of DNA substrates (Table 1 ) using fluorescence anisotropy-based DNA binding assays. The effect of DNA substrate length, secondary structure and sequence on relaxase binding affinity was investigated. For all assays, a hyperbolic binding curve was generated by measuring the change in fluorescence anisotropy of the labeled DNA substrate as a function of enzyme concentration. By fitting these curves with Equation 1 (see Supplementary Data) using Table 3 . Crystallographic statistics a R sym = P |I -I mean |/ P I, where I is the observed intensity and I mean is the average intensity of several symmetry-relate observations.
where F o and F c are the observed and calculated structure factors, respectively. c R free = Calculated as above for 5% of data not used in any step of refinement.
non-linear regression, we calculated dissociation constants (K D ) for each experiment and discovered that both WT_299 and Nterm_299 bound DNA substrates in an oriT-and hairpin-independent manner. The binding affinity of both WT_299 and Nterm_299 was similar for all substrates investigated, and varied between 700 nM and 1.2 mM (Table 1 , Nterm_299 data not shown).
This low affinity, sequence-independent DNA binding was unexpected, given the highly sequence-specific and high affinity DNA binding reported for similar relaxase enzymes (22, 25, 33, 41) . WT_299 was confirmed to be folded and stable in solution by circular dichromism spectroscopy ( Supplementary Figures S3 and S4) , and the design of the WT_299 construct incorporated the full extent of the relaxase domain of pCU1 TraI (Figure 2) . Therefore, the design of the DNA binding assay was modified to determine if the experimental conditions for WT_299 DNA binding could be further optimized. When incubating the Y18,19,26,27F mutant of the pCU1 relaxase with a DNA substrate that extended beyond the nic site (35/7oriT-hairpin), no improvement in DNA binding affinity or selectively was observed, and when supplementing the reaction conditions with 4 mM MnCl 2 there was only a 2-to 3-fold increase in DNA binding affinity ( Figure 3A and B) . To determine if the best equation had been used to fit the experimental data, data were also fit by two additional equations using the Graphpad PRISM software (two-sites specific binding and one-site specific binding with Hill Slope). The data were ambiguously fit when assuming two binding sites. When fitting the data with the Hill parameter, the calculated K D did not improve, while the goodness-of-fit parameters (dependency and R 2 ) showed slight or no improvement. These results did not justify the use of an additional parameter. Therefore, the data indicate that WT_299 binds DNA in a weak, sequence-independent manner, and may require an additional protein partner to initiate sequence-specific DNA binding.
Tyrosine-dependent DNA nicking by the pCU1 TraI relaxase
In the crystal structure of WT_299, the tyrosine residues predicted to nick DNA (Y18,19,26,27) were displaced up to 14 Å from the active site ( Figure 1C ). To determine if this significant displacement impacted the activity of the tyrosines when nicking DNA, we assessed the enzyme's DNA nicking activity by incubating WT_299 with 5 0 fluorescently labeled synthetic oligonucleotides and then monitored the amount of nicked product generated ( Figure 4A ). WT_299 efficiently nicked DNA containing the pCU1 oriT sequence and nic site. We then cloned, expressed and purified mutants of WT_299 in which one (Y18F and Y26F), two (Y18,26F) or four (Y18,19,26,27F) of the tyrosine residues were mutated to the catalytically inactive phenylalanine residue. The nicking activity of each mutant enzyme was then compared to that of Figure 2 . Amino acid sequence alignment and secondary structure of the pCU1 TraI relaxase. The initial 337 amino acids of pCU1 TraI (GenBank ID AAD27542) were aligned with R388 TrwC (GenBank ID CAA44853) and F TraI (GenBank ID BAA97974) using the Clustal X program in BioEdit. Identical residues are shaded green, similar residues are shaded blue. Orange and yellow boxes indicate the first and last residues of the relaxase domains of each protein. Two constructs of the F TraI relaxase domain have been crystallized (3, 23) , therefore the terminal residues of both are boxed. Red boxes indicate the location of the conserved tyrosine residues and the active site histidine triad. Red lines underline the residues forming the 'thumb' regions of each protein. Since this region is disordered in the pCU1 TraI relaxase crystal, the extent of this region is estimated. Above the three sequences is the secondary structure of the pCU1 relaxase. b-strands are represented by yellow arrows; a-helices by red cylinders; and loop regions by black wavy lines. The secondary structure of residues 1-225 reflects that observed in the crystal structure of WT_299; the secondary structure of residues 226-337 reflects that predicted by Jpred 3.
WT_299. Single and double tyrosine mutants suffered an $50% decrease in activity, while the mutation of all four tyrosines effectively eliminated all nicking activity ( Figure 4A ). Thus, the catalytic tyrosines of the pCU1 relaxase were shown to be structurally mobile and functionally redundant.
Metal-dependent DNA nicking by the pCU1 TraI relaxase
Both the F TraI and R388 TrwC relaxase enzymes exhibit metal-dependent DNA nicking, though the optimal metal for each is under debate (3, 24, 26, 34, 46 ) ( Figure 5 ). In the presence of EDTA, the DNA nicking activity of WT_299 was inhibited, but this activity could be rescued by then supplementing the reaction with an increasing concentration of a variety of metals. Mg 2+ provided the most significant enhancement in nicking activity, as compared to the EDTA-treated sample, but Mg all supported DNA nicking in a concentration dependent manner. As was also observed by Boer et al. (34) , the relaxase maintained residual DNA nicking activity in the presence of EDTA. Despite controlling the pH of Cu(SO 4 ), ZnCl 2 and Zn(acetate) 2 solutions, relaxase activity was inhibited as the concentration of these metals increased, and relaxase activity was limited even at low concentrations of both Zn-containing compounds.
We were unable to determine relaxase nicking activity in the presence of iron due to the metal's insolubility within the pH range of the assay. Using inductively coupled plasma mass spectrometry (ICP-MS), we then determined the concentrations of Mg24, Mn55, Ca44, Fe57, Ni60 and Zn66 in samples of WT_299 ( , despite the overabundance of Zn66 bound by the protein sample.
Sequence-dependent DNA nicking by the pCU1 TraI relaxase
DNA binding assays demonstrated the sequenceindependent DNA binding of WT_299. To determine if WT_299 also nicked and religated DNA in a sequenceindependent manner, the DNA nicking and religation activities of WT_299 were tested using a series of DNA nicking and cross-over assays. First, to examine the effect of DNA secondary structure on pCU1 TraI relaxase DNA nicking activity, 5 0 fluorescently labeled substrates containing the pCU1 oriT sequence, nic site and either a full hairpin-forming inverted repeat (35/7oriT-hairpin), a mutated inverted repeat unable to form a hairpin (35/7-no_hairpin), or a truncated hairpin (20/7oriT-half_hairpin) were incubated with WT_299 (Table 2) . Each substrate was cleaved, but the percent product generated increased upon truncation of the inverted repeat. A similar trend was observed when studying the nicking activity of both the F TraI and R388 TrwC relaxase enzymes (25, 37) .
Second, to examine the effect of nucleic acid sequence on pCU1 TraI relaxase-mediated DNA nicking, WT_299 was incubated with either an oriT-containing substrate or a control substrate that did not contain the pCU1 oriT sequence. WT_299 only cleaved the oriT-containing substrate (Table 2 ). In the same manner, during DNA cross-over assays, WT_299 could only successful religate oriT-containing substrates. In fact, both donor and recipient substrates had to contain the pCU1 oriT sequence and nic site. If either donor or recipient did not encode the oriT, or were truncated prior to the nic site, no cross-over products were observed (Supplementary Figure S5) . To determine the specific bases within the pCU1 oriT sequence required for relaxase-mediated DNA nicking, a series of 42 nt-long unlabeled DNA substrates were designed in which mutations were made within one or multiple regions of the wild-type pCU1 oriT sequence (Table 2, Figure 6 ). These regions were designated 'hairpin', 'TAG', 'pentanucleotide', or 'post nic', and corresponded to sections of the oriT previously shown by work with the F and R388 plasmids to influence DNA nicking, binding, or plasmid transfer (22, 25, 31, 37) . With these data in mind, the TAG and pentanucleotide regions were predicted to strongly influence DNA nicking, while the hairpin and post nic regions were expected to have only a limited effect. WT_299 was then incubated with each of these unlabeled mutant DNA substrates (the donor substrate) and a fluorescently labeled 20 nt-long recipient substrate (20-oriT_half-hairpin) that encoded the pCU1 oriT and terminated at the nic site. An experiment was thus performed to measure the ability of the relaxase to nick the donor substrate and generate a 27 nt-long cross-over product ( Figure 4B ). The percent cross-over product generated from each mutant substrate was compared to that detected during a DNA cross-over experiment between a wild-type donor substrate To determine the DNA nicking activity of the wild-type pCU1 TraI relaxase, as well as several relaxase mutants, 5 mM enzyme was incubated with 1 mM substrate (35/7oriT-or 20/7oriT-hairpin) for 1 h at 37 C, and products were then separated on denaturing polyacrylamide gels. Nicking and religation activity is represented as percent product generated. Each experiment was performed in triplicate; the error is the standard error of these replicates. For each experiment, a representative gel is provided. Below each gel, a reaction scheme is provided, where a fluorescein label is indicated by a green star and the substrate nic site by a red triangle. Additional experimental details can be found in the Materials and Methods section and the Supplementary Data. (B) A reaction scheme illustrating a DNA cross-over experiment, where a fluorescein label is indicated by a green star and the substrate nic site by a red triangle.
(35/7oriT-hairpin) and the same recipient substrate. Mutations within the hairpin, post nic or TAG region alone did not decrease overall relaxase activity. Mutation of the two flanking nucleotides within the pentanucleotide region also had no inhibitory effect on enzyme activity. However, the mutation of bases within the core pentanucleotide region eliminated enzyme activity, as did the mutation of a flanking nucleotide within the pentanucleotide region along with a mutation within the hairpin region or the post nic region (Table 2) .
A number of the substrates were apparently nicked at erroneous nic sites by WT_299 prior to religation onto 20oriT-half_hairpin, thus creating products either longer or shorter than the expected 27mer (Table 2 ). In particular, these misnicked products were observed if the mutant substrate contained a duplicated or shifted pentanucleotide region. If the mutant substrate also contained a mutant TAG region, multiple misnicked products were observed. If the mutant substrate contained a TAG and pentanucleotide region that were shifted in concert, only one alternative product was generated. However, mutation or shifting of the TAG region alone did not consistently affect nicking activity. The likelihood of erroneous nicking was also not affected by the presence, Figure 6 . Nucleic acid sequence and sub-divisions of the pCU1 oriT. The nucleic acid sequence of the plasmid pCU1 oriT is divided into four regions (hairpin in dark blue, TAG in green, pentanucleotide in red and post nic in light blue). The bases forming the inverted repeat are shaded black and the location of the predicted hairpin is indicated. Percent Product Generated Figure 5 . DNA nicking by the pCU1 TraI relaxase in the presence of metals. To determine the DNA nicking activity of the pCU1 TraI relaxase (WT_299) after treatment with EDTA and in the presence of the indicated concentration of metal, 5 mM enzyme was incubated with 1 mM substrate (35/7oriT-hairpin) for 1 h at 37 C, and products were then separated on denaturing polyacrylamide gels. Nicking and religation activity is represented as percent product generated. Each experiment was performed in triplicate; the error is the standard error of these replicates. Additional details can be found in the Materials and Methods section and the Supplementary Data. absence, or location of the hairpin forming inverted repeat.
The pentanucleotide region of the pCU1 oriT is expected to wrap around the N-terminus of the pCU1 TraI relaxase, forming an intra-strand U-turn that has been previously described for both the F and R388 oriT (27, 37) . To illustrate the importance of the interaction between the pentanucleotide region and the pCU1 TraI N-terminus, we compared the structure and function of WT_299 to that of a mutant pCU1 TraI relaxase, Nterm_299, in which three residues (Ser-Asn-Ala) were appended to the protein N-terminus. We measured the DNA nicking activity of Nterm_299 and determined its structure to 1.9 Å by X-ray crystallography. The nicking activity of Nterm_299 was in fact inhibited relative to WT_299 ( Figure 4A ). The structures of WT_299, Nterm_299 and the DNA-bound relaxase domain of the R388 TrwC relaxase [PDB code 2cdm (34)] were overlaid (Supplementary Figure S6) . In the TrwC relaxase structure, its DNA substrate, a 27mer oligonucleotide containing the R388 oriT, is bound by the relaxase as a partial hairpin. The overall folds of the three proteins are similar (maximum rmsd over equivalent Ca positions = 2.05 Å ) (57, 58) , and the histidine triad-dominated active sites are practically identical (averaged rmsd of these residues between each of the three structures = 0.076 Å ). However, the three non-native N-terminal residues of Nterm_299 clearly clash with the bound DNA substrate of TrwC. Therefore, Nterm_299 should be incapable of nicking oriT DNA without either physically moving its N-terminus out of the way, or by binding the DNA in a novel orientation. Both options destroy all sequencespecific protein-DNA interactions formed between the enzyme N-terminus and the oriT DNA. Thus, this structural clash clearly explains the functional inhibition observed during DNA nicking assays.
DISCUSSION
The role of tyrosine mobility during pCU1 relaxase-mediated DNA nicking CPT with concomitant replication is proposed to proceed through two sequential DNA nicking steps that are accomplished by catalytic tyrosine residues contributed by relaxase enzymes (3, 32, 35) . These reactions can be completed using either single tyrosines on two relaxases acting sequentially, or by one multi-tyrosine relaxase, through a 'flip-flop' mechanism of DNA nicking and religation described previously (3, 14, 32, 35) . While the 'flip-flop' mechanism requires significant rearrangement of tyrosine residues within the active site of the multityrosine relaxase, it abrogates the need for multiple enzymes to accomplish the transfer of one conjugative plasmid.
Our structural and function data have emphasized the flexible nature of the tyrosines within multi-tyrosine systems. In particular, the crystal structure of WT_299 demonstrated the mobility of loop A and its accompanying four catalytic tyrosines. As compared to homologous structures, loop A of WT_299 monomer A is rotated away from the active site and its first two catalytic tyrosines are displaced from the metal-bound histidine triad ( Figure 1C) . In monomer B, loop A was too mobile to be modeled into the structure. Our DNA nicking data also highlighted the flexibility of the four tyrosines. Mutation of up to two tyrosine residues only eliminated $50% of nicking activity, indicating that tyrosines other than the predicted primary DNA nicking residue, Tyr18, were also able to enter the active site in a productive orientation ( Figure 4A ). These data support the conclusion that the active site residues of the pCU1 relaxase, and perhaps additional multi-tyrosine systems, are sufficiently mobile to allow for the rearrangement necessary to accommodate the 'flip-flop' mechanism of plasmid transfer.
Metal ions in the pCU1 relaxase active site
Productive CPT requires that the relaxase nick the T-strand DNA within the enzyme's metal-chelating active site (3, 32, 35) . However, the identity of this essential metal ion is debated (3, 26, 34, 46) . Therefore, we used enzyme activity assays to establish that Mg 2+ , Mn 2+ , Ca 2+ and Ni 2+ all supported pCU1 relaxase-mediated DNA nicking ( Figure 5 ). In contrast, both Zn 2+ and Cu 2+ supported only limited DNA nicking by WT_299 at low metal concentrations and were actually inhibitory as the concentration of metal increased. We then measured concentration of each metal in a purified sample of WT_299 using ICP mass spectrometry (Table 4) . Based on these experimental data, as well as the low concentration of Ni 2+ within the bacterial cytoplasm (59, 60) (61) . Within the relaxase active site, an octahedral or trigonal bipyramidal arrangement of the three histidine side chains, the bound DNA ligand, and the attacking tyrosine hydroxyl about the metal ion could ideally position the DNA's scissile phosphate for attack by the catalytic tyrosine. Lujan et al. 2+ in the active site of the F TraI relaxase, and Lujan and colleagues noted that this octahedral arrangement would allow for the 'flip-flop' mechanism proposed for the relaxase (3). In summary, while the pCU1 relaxase can utilize a variety of metal catalysts, Mn 2+ appears to be the most likely candidate to occupy the active site during productive DNA nicking due to its availability and preferred coordination number.
Low affinity and sequence-independent DNA binding by the pCU1 relaxase
In contrast to the high affinity, sequence-specific DNA binding by the F TraI and R388 TrwC relaxase enzymes (22, 25, 33) , the pCU1 TraI relaxase bound DNA in a non-specific manner and with low affinity (Table 1, Figure 3 ). We propose that the pCU1 enzyme relies upon a second DNA binding protein to bind selectively to the pCU1 oriT. In fact, a pCU1-encoded protein, TraK, has been identified, for which the efficiency of pCU1 plasmid transfer decreases 100-fold upon deletion (51) . Homologs of TraK have been identified within the F, R388 and RP4 plasmid sequences; all are known to be DNA binding proteins that enhance relaxase function (13, 21, 40, 62) . In particular, studies of RP4 have shown that its TraK homolog, TraJ, enhances sequence-specific binding and nicking by the RP4 TraI enzyme (13, 40) . In addition, the F plasmid-encoded TraK homolog, TraY, has been shown necessary for relaxase binding and nicking in vivo (13) . Therefore, pCU1 sequence-specific binding may be accomplished by a two-component system. pCU1 TraK could bind selectively to the pCU1 oriT, to then promote high affinity DNA binding by TraI.
Sequence-specific DNA cleavage by the pCU1 relaxase
In order to cleave the T-strand DNA at the scissile phosphate of the plasmid nic site, the relaxase must position the oriT DNA within its active site such that the nic site is located directly above the chelated metal ion (24) . However, due to the pCU1 relaxase's low affinity and non-specific DNA binding, it was unclear whether or not this enzyme would be able to nick DNA in the anticipated sequence-specific manner. In crystal structures of the DNA-bound F TraI and R388 TrwC relaxase enzymes, the DNA substrate is observed to form a U-turn around the enzyme N-terminus immediately prior to entering the active site. As a result, the DNA bases immediately upstream of the substrate's nic site form several contacts with the relaxase N-terminus that have been shown to regulate relaxase-mediated DNA nicking activity (24, 27, 33, 34) . Therefore, we determined the DNA nicking activity of the pCU1 relaxase against a library of DNA substrates designed to test the sequence selectivity of the enzyme for the pCU1 oriT, with a particular emphasis on the regions of the pCU1 oriT corresponding to the bases of the F and R388 oriT known to form this U-turn structure (Table 2, Figure 6 ).
The results of the DNA nicking assays indicated that the bases of the pCU1 oriT, in particular those within the pentanucleotide region, cooperate with the N-terminus of WT_299 to position the nic site within the enzyme active site to promote sequence-specific DNA nicking (Table 2) . Depending on the location of the mutation(s) within the pentanucleotide region, WT_299 failed to cleave the substrate's nic site entirely, cleaved the site at a reduced level, or cleaved the substrate at non-canonical nic sites. In particular, by shifting the location of the pentanucleotide region relative to the nic site, the location of DNA nicking could be shifted correspondingly. DNA nicking was also inhibited by mutation of the enzyme N-terminus, as illustrated by the failure of mutant enzyme Nterm_299 to nick oriT-containing DNA substrates ( Figure 4A ). Of particular interest, the bases within the pentanucleotide region had previously been shown to be necessary for pCU1 plasmid transfer during cell-based plasmid transfer assays (52) . This correlation emphasizes the pivotal role of the relaxase enzyme within the relaxosome during sequence-specific CPT.
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